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COMPATIBILITY OF LIQUID AND VAPOR ALKALI METALS
WITH CONSTRUCTION MATERIALS

J, H, Stang, E. M, Simons, J, A. DeMastry, and J, M, Genco*

1. INTRODUCTION

For the past decade, the amount of research
and the volume of literature on alkali metals as
heat-transfer media and working fluids have been
increasing exponentially. Prominent among the
liquid=-metals research efforts are studies directed
toward finding the best containment material for a
given alkali metal under a given set of operating
conditions,

As early as 1950, Argonne published a re-
port on the "Resistance of Materials to Attack by
Liquid Metals', which covered 174 references on 17
liquid metals from aluminum to zinc, (1) a slightly
modified version of this report was published soon
thereaftor, as the corrosion chapter of the first
edition of a Liquid Metals Handbook, As is the case
today, the compatibility data available for sodium
and NaK systems were far more extensive than
those for any other liquid metal, In fact, in 1951,
Epstein and Wuber presented a very thorough treat-
ment (151 references) on the use of molten sodium
as a heat-transfer fluid, (2)

Since that time, there has been an accelerat-
ing interest in alkali metals as:

® Coolants for fast-breeder nuclear reac-
fors

® Coolants in space power plants

® Rankine-cycle working fluids in high~
temperature nuclear reactors

® Propellants in ion-propulsion engines

® Seeding materials in magnetohydro-
dynamic generators

& Space-charge dissipating media in
thermionic generators

® High-temperature hydraulic fluids,

v

While research on sodium and NaK has con-
tinued unabated, these broadened applications have
been involving other alkali metals (potassium,
lithium, and cesium) on an increasing scale,

Many of the compatihility results have, until re-
cently, been classified, They are presented in a
diverse assortment of project reports, meeting
papere, periodical publications, theses, and state-
of«the-art reviews,

This compilation attempts to present the
highlights of what has been ascertained about the
interactions of liquid and vapor sodium, NakK,
potassium, lithium, and cesium with solid mater-
ials of potential use {n practical liquid-retal
systems, This i8 an extremely complex subject
when one considers the multitude of variables
possible, and there is atill much that is unknown,
Data for inclusion were selected by the authors
on the basis of their practical utility to designers
and research workers, No attempt was made to
include the entire body of information available.

In many cases, data from a variety of
sources were cornbined to illustrate a conclusion.
Where data were conflicting, the authors attempted
to explain the differences or to eliminate thone
which were questionable, In a few instances,
it was necessary to present the contradictory
findings and point out that no plausible explana.
tions had been found.

*Agsoclate Chief, Fellow, Associate Chief, and Senlor Technician, respectively,
Experimental Physics and Environmental Engineering Divisions,
Battelle Memorial Institute, Columbus, Ohio,
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2. SODIUM AND NaK

2, 1L AUSTENITIC STAINLESS STEELS

2, 1,1 Compatibility - General

Corrosion attack of austenitic stainless
stecls by sodium (or NaK) can take the forms of:

(1) Surface reactions which produce hot-to-
cold zone transfer of corrosion products
in @ nonisothermal flow sy stem

(2) Matrix attack, usually distinguished by
grain-boundary deterioration

(3) Pickup of carbon, nitrogen, or hydrogen
{from the environment or through migra-
tion from hot-to-cold xones.

Investigation of these processes with temperature,
time, flow velocity, contamination level, etc. , as
variables has been intensive for nearly 20 years,
and the amount of diverse information generated is
staggering, Experience ranging {rom laboratory
experiments to the operation of large nuclear plants
has led to the conclusion that the common austen-
itic steels (specifically, Types 304, 316, and 347),
can be utilized up to 1000 F in sodium flow syatems
with virtually unlimited life, provided the oxygen
and the carburizing potential of the fluid are main-
tained at low levels. However, departures from
these conditions, involving higher temperatures

or increaged contamination levels, often produce
compatibility-oriented questions which still cannot
be answerad without gualification,

Static-test data, which demonastrate
austenitic steel-dodium compatibility, are many
and varied; typical results are:

Negligible weight change [ < -0.1 mg/{cm?)
(month)] at 932 F

Slight weight change [~ +0. 1 mg/(cm?)
{month)] at 1100 F

Substantial weight change [~ +40 mg/{cm?)
(rnonth)] at 1832 F,

More definitive, howsver, are data from
polythermal-loop experiments, Tables 2.1 and 2,2
describe several of these operated over a broad
temperature range, The results show:

(1) Little or no low-temperature attack,

(¢) Enough corrosion in relatively short
exposures at 1500 F and above to
challenge the feasibility of long-time
operation.

o~
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(3) A dearth of pumping-loop information in
the 1300 to 1400 F range, Thermal-
convention-loop results show very little
attack, but the effects of flow velocity,
known to be important as outlined below,
cannot be ascertained,

(4) Moderate attack in the 1000 to 1200 F
range, which, at least in\recent years,
has received major emphasis,

Considerable attention has been given to de-
fining the mechanisms associated with austenitic
steel-sodium compatibility, Among the well-
established facts is that the amount of corrosion
and mass transfer is strongly dependent on the
level of oxygen impurity in the sodium. The tabu-
lation below illustrates this, as well as the typical
nonuniform leaching of constiluents by sodium from
hot stainless-sgteel surfaces. In this study, radio-
tracer techniques were used to measure the re-
moval rates of individual constituents from Type
347 ptainless steel in a flowing, isothermal sodium
loop at 925 F, (3)

Ratio of Rate of L.eaching
by Na Containing 100 PPM
O, to Rate of Leaching by

Element Ni Containing 30 PPM O,
fron 17
Cobalt 54
Tantalum 5
Marnganese 4

The exact role of oxygen has not been de-
termined, but it may accelerate dissolution and/or
participate directly in a corrosion reaction in-
volving compounds of the form, Na,M, O, where
M is a structural-metal constituent, It is generally
accepted that mase transfer of iron is dominated
by reaction rather than dissolution, with a hot-zone
reaction as follows:

Fe+ 3Na2‘0 — 2Na + (NaZO)Z‘FeO.

In cold zones, the reverse recaction occurs, libera-
ting free iron which crystallizes out. This particu-
lar sodium-~iron comglex was isolated and identified
several years ago.(1 )

In the case of constituents other than iron,
dissolution may be more important than chemical
reactions, This conjecture stems from meager
and controversial solubility data which suggest that
the order of solubility in sodium is chromium>
nickel>iron.

From many "corrosion-mechanism"
studies, the rate of diffusion of reaction products
through the boundary layer at the hot surface has
emerged as the most likely controlling step in the
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corrosion process in ordinary flow-loop situations.
This is based on such observations as the direct
influence of fluid-flow velocity on corrosion rates.
Velocity affects boundary~-layer turbulence and
thickness, which in turn influence the ability of
reaction products to diffuse into the main stream.

Transfer of interstitial elements to and from
sodium-exposed austenitic ateels has been observed
under many conditions, Carbon migration has re-
ceived the most attention, primarily because of the
interest in using austenitic and ferritic steels in
the same sodium heat-tranefer system., The former
provides needed strength for high-temperature
(~ 1200 F') piping and components, while the latter .
offers economy and other desirable traits for low~
temperature (~900 F) sections, However, ferritic-
to-austenitic migration of carbon can occur, with
consequent decrease in strength of the carbon-
depleted material, and embriulement of the carbon-
enriched one, The mechanisms relating to this
migration are understood only in a'qualitative way,
Weeks(19) observed that the safest way to minimize
problems from dissimilar-metal interaction is to
avoid mixing structural alloys in a liquid-metal
system unless the major metallic constituents of
all alloys are known to be essentially insoluble and
the activities of all possible nonmetal transferring
specive (0, N, C, H) are equalized in all alloys by
gettering,

2. 1.2 Solubility Information

In a nonisothermal liquid-metal system,
material 'which is dissolved from hot-zone surfaces
and transported in flowing fluid to colder zones can,
owing to differential solubility with temperature,
precipitate and deposit in solid form on the cooler
surfaces, The mass transfer of constituents of
stainless steels as well as those of nickel- and
caobalt-base alloys) by sodium or NaK has long been
thought to depend to some degree on solution
phenomena. Consequently, assorted studies have
been carried out in attempts to measure, with some
degree of confidence, the solubility in sodium of
the elements which combine to make up these alloys.
For reasons which are often obscure, data which
should be directly comparable are in conaiderable
disagreement, Undoubtedly, the extreme difficulties
involved in the measurement techniques are partially
redponsible,

Table 2.3 shows some axperimental values
of solubility for iron in sodium, and one value in
NaK, It is immediately apparent that the 1956 data
of Baus are three orders of magnitude lower than
those of the other investigators. In spite of sub~
atantial efforts to resolve this discrepancy, the
exact cause remains a mystery. As can be seen in
Table 2.4, the same gituation exists for the solu-
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bility of nickel in sodium. Values for cobalt,
tantaluim, and columbium arc listed in Table 2. 5.

2.1.3 Detailed Loop-Test Data

2.1.3.1 Type 316 Stainless Steel; Inserts in and
Hot Legs (1100 and 1200 F) of Pump Loops, With
Type 316 or 2-1/4Cr-1Mo or 5Cr-1/2Mo-1/2Ti
Alloys as the Cold Legs™®(8,27)

Logs of Metal by Corrosion. Data obtained
from inserts removed periodically from experi-
mental loops operated up to 30,000 hours provide
the basis for the following empirical steady-state
equation:

100 R= vO- 884g1. 156 (12.345 -

23,827 L z.ze)
—— — —_—— :
T+460 0.00676 &7 + 9

where "
R = removal of hot-zone metal, mg/(cmz)
{month)
velocity, fps
oxygen level, ppm
temperature, F
distance ratio downstream from hot leg
exposure time, montha.

Ly
wPu0<
iHn 8 unn

Note:

(1) The absence of a term referring to the
hot-to-cold zone temperature differential,
since a variation from 250 to 500 F did
not produce significant changes in metal~
removal rates,

(2) An effect of exposure time which initially
is strong, but ultimately is weak,

(3) An L/Di effect which describes gradually
diminishing insert weight loss with dis-
tance, in isothermal sections downstream
from the hot zone, This observation has
given considerable credence to the con-
cept of diffusion-controlled corrosion,

If diffusion of reaction products from the
boundary layer must build up with L/Di,
the diminishing surface-to~boundary layer
concentration gradient must produce a
corresponding decrease in the rate of
formation of these products at the reacting
surface.

* Conditions listed in Table 2.1,

AT —
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TABLE ¢,3. SOLUBILITY OF IRON IN SODIUM

Baus, ot all20Nta]

——— e e
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For illustrative purposes, a set of values
for V = 10 fps, 0 = 50 ppm, and L/Di = 0 (situation
for maximum weight loss) is given below,

: Equivalent Removal
of Metal From Ex-

Temperature, In Na Saturated Rodgers
In Na With NazO ot al (21)B}  Epgteini22e}
445 0, 0024 - 6 6
530 - 0,0016 - -
580 0,0037 - 8 [
660 - 0,0010 - -
135 - 08,0017 - -
760 0.0050 - 10 10
835 - 0.0025 - -
970 0, 0091 - - -
980 - 0.0041 - -
950 - . - 12 12
1290(d} - - - -

(a} By radiotracer technique,
(b) By chemical analysis of equilibrated samples, Sppm (400-1000 F) =
0.5 +0,0122 T *F),

{c) By chemical anal ‘sis of equilibrated samples, sppm {450-900 F) »
1,47 + 0,02 T (C),
(d) Single vailue by Drugos et al{23) u 15 4 3 ppm in NaK-78,
TABLE 2,4, SOLUBILITY OF NICKEL IN 50DIUM
Temperature, — Solubility, ppm
F Baus, et al Rodgers, et al
192 0, 005{50){c} -
812 0, 006{40) 10
662 0, 006{30) 12
152 0, 004{50} 14
932 . 0, 009{20) 17
112 0, 012{30) -
11z 0, 038(430) “
1z 0, 014(7:70) -
1112 0, 022(11 30) -

(a) By radiotracer technigue.

{b) By chemical analysis of equilibrated samples, sppm {400=1000 F) »
=1,340.0199 T (¥F),

(c) Number in parenthesis following solubility value is ppm of oxygen
in the sodium,

TABLE 2,5, SOLUBILITY OF COBALT, TANTALUM, AND
COLUMBIUM IN SODIUM

Temparature, Solubility m f
¥ Gobalt(25) Tlnt-lum(!!) Columbium{20]

Al LU
689 0,028 0,032 -
798 Q. 021 0,19 ~
911 1,00 2,9 -

1846 - - 7.4

2185 - - 35

2518 - - 243

Weight Loss, posed Surface,
mg/(cmz)(month) mils/yr
1-Month 12-Month 1-Month 12-Month

IF Exposure Exposure Exposure Exposure
1000 0.7 0.3 0.4 0,2
1100 1.7 0.7 1.0 0.4
1200 4,2 1.9 2.5 1.8
1300 11.0 5.2 7.0 4,5

Intergranular Penetration, The inserts did
not show intergranular penetration, (27 However,

this type of attack, to about 1,7 mils/yr (epecif-
ically, about 7 mils after nearly 30,000 hours),
was observed in approximately isothermal scc-~
tions of Type 316 stainless steel and vccurred be-
tween heat-input and heat-extraction zones, The
following discusaion is provided,

"The results of elsctron microscope fracto-
graphic examination, show!

(1) The stainless steel piping was heavily
sensitized in the cross-over region,
Chromium carbides precipitated in all
the grain boundaries,

(2) There is no attacﬁ of the grain-boundary
precipitates themselves,

(3) Chemical attack by solution of metal at
the interface with the grain-boundary
precipitate.

" "A preliminary interpretation of this effect
is that attack results from a high effective-oxide~
impurity level created at the entrance to the cold
leg on the beginning of supersaturation, and subse-
quent nucleation of metal precipitates with the
accompanying liberation of oxygen to sodium oxide,
This causes attack in grain-boundary areas which
are suspected to be depleted in chromium by the
precipitation of Cr,,C at the grain boundaries, n(27)

Materials Transfer. Type 316 stainless
steel was approximately neutral to carbon tranafer
in a monometallic system, However, it car~
burized to several mils when combined with
2-1/4Cr-1Mo or 5Cr-1/2Mo-1-1/2Tisteels, The
carbon profile of inserts in a Type 316/2-1/<Cr.
1Mo system was as followa:

e
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Approxlmatéﬂd;ne s Carbon

Temperature, Content of Inserts, percent
' F Type 316 SS 2-1/4Cr-1Mo
Pretest 0,045 0.105
1200 0,05 -
1100 0,08 0.05
1000 0,08 0.10

700 . -- 0.105

This transfer was not dependent on the oxygen con-
tent of the sodium (from 10 to 50 ppm). In addition,
selective transport of chromium and nickel from
austenitic surfaces was found to occur in low-oxide-
level systems above 1000 F. This was sufficient to
produce a noticeable ferritic layer (for example, 5
to 8 microns thick after 2800 hours at 1200 F}). In
the case of high-oxide~level systems, iron was
selectively removed,

2.1.3,2 Various Auistenitic Steels: Inserts in
1110 and 1290 F Pump Loops Fabricated of 18Cr-
9Ni-1T{ Steell?

Corrosion Behavior, After 5500 hours in
1110 F sodiurmn containing 60 to 80 ppm oxygen,
indicationa of corrosion were as follows:

No Attack

15Cr- 15Ni=-3Mo

Up to 5 mils 'Intergranular Attack

12Cr-16Ni-48i-0, 5Cb
14Cr-15Ni-1Cb
14Cr-20Ni-2W=-1Cb
15Cr-15Ni-3Mo-0. 7Cb
18Cr-9N1-0,45T1

After 1500 hours in 1110 F sodium containing
200 to 400 ppm oxygen, indications of corrosion
were asg followa:
Up to 4 mils Intergranular (Plus Some
Transgranular) Attack

14Cr-20Ni-2W-1CH
14Cr-15Ni-1Cb
15Cr~36Ni-3W-0, 3Cb
18Cr-9Nij-0.45Ti
20Cr-14Ni-25i

Strongth and Ductility, Exposure to 1110 F
sodium, containing 60 to 80 ppm oxygen, for 5500
hours did not strongly affect either strength or duc-
tility of any of the above six steels evaluated under
these conditions. However, 1500 hours' exposure
to 1110 F sodium containing 200 to 400 ppm oxygen

AUSTENITIC STAINLESS
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did produce noticeable increases in strength and
decreases in ductility, This occurred in all five

of the above steela which were evaluated under the
latter conditions, but gettering the sodium with
calcium significantly reduced the observed changes.
Data for 18Cr-9Ni-0.45Ti, the alloy exhibiting the
greatest variation, are:

Tensile
Strength, Elongation,
psi ~percent
Original material 74,000 41
Inert-atmosphere 81,000 40
control sample
Ungettered sodium 96,000 4
exposure
Calcium-gettered 70,000 36

sodium exposure

The effects of exposure to 1290 F, 20 to 50-
ppm-=oxygen sodium for 5000 hours on the strength
and ductility of the four steels listed in Table 2.6
were not appreciably different from those produced
by inert-atmosphere exposures,

2.1,4 Carbon-Transport Behavior
2.1.4.1 General

Atomics International(8,29) hay investigated
the nature of carbon in sodium and the reactiuns of
"digsolved" carbon with Type 304 stainless ateel,
Although it is fairly well accepted that carbon can
exist in four different forms in sodium, the factors
govet:ﬂng its distribution amoang these four states
are open to considerate conjecture. The four condi-
tions in which carbon is thought to exist are:(29)

(1) Dissolved Carbon - A true solution,
similar to sugar in water

(2) Suspended Carbon - A state in which
carbon particles are suspended in
the 4¢dium, as in a colloidal sus-
pension

.

(3) Sodium Carbide - A rompound (Na,C,),
resulting from the chemical reaction
of carbon with sodium

(4) Other Carbon Compounds - Where the
carbon exists as a carbonate,
cyanide, acetylide, or some other
complex salt. 3

The latter two forms, i.e, , sodium carbide and
and carbon compounds, exist in only very small

concentrations, relative to the amounts of ''dis-

solved" and "suspended" carbon, andthus play only
minor roles in any carburization-decarburization

N
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TABLE 2,6, STRENGTH AND DUCTILITY OF INSERT MATERIALS EXPOSED TO
1290 F', 20 TO 50~ppm=-0XYGEN S0ULIUM FOR 5000 HOURS IN LOOP
cIrcurT(9)
Inert Atmosphere
As~Received Exposure Sodium Exposure
Tensile Tensile Tensile
Strength, Elongation, Strength, Elongation, Strength, Elongation,
Material psi percent psi percent psi percent
14Cr«14Ni=45i-0, 6Cb 85,000 ’ 38. 94,000 19 99,500 26
-15Cr=15Ni~3Mo0=~0,7Cb 84,000 34 65,400 4 82,500 5
20Cr=14Ni=2. 58i 94,000 25 102,000 13 98,000 i3
18Cr=-9Ni~0, 45Ti 108,000 39 104,000 25 99,500 30
processes occurring in stainless steel- sodium- 200 — ]
carbon systems, [n fact, it has been postulated 180 | .

that only the carbon which is in true solution
{dissolved carbon) is available for carburizing
stainless ateal, (29) Hence, the term "effective!
carbon has been introduced to distinguish between
the total carbon content (all four forma) of the
sodium and that dissolved carbon which effectively
contributes to the carburization process,

Currently, only one experimental study has
given the concentration of dissolved carbon in
sodiurn, and little work has beea reported concern-
ing the nature of suspended or colloidal carbon,

J. G. Gratton of Knolls{30) determined the solubility
of carbon in sodium at elevated temperatures,
Figure 2, 2, by exposing a spectroscopically pure
graphite electrode to comrnercial-grade sodium,

He sampled the sodium at various temperature
levels through a 5~micron filter and then analyzed
for carbon by the wet-oxidation method of Pepkowitz
and Porter.(33) The results of this investigation
indicate that the solubility of carbon in low-oxygen
(40 ppm) sodium varied between 32 ppm and 74 ppm
in the temperature range 297 to 1292 F, and was
dependent upon the oxygen concentration inthe
godium. The functional dependence of carbon solu-
bility (S = ppm) with temperature (K) was expressed
by the relationships:

In5=2,96 - 6,21 x 102/T at 40 ppm oxygen

InS=5,61~3,76x 102/T at 260 ppm oxygen.

Luner, Johnson, Cosgarea, and Feder,(34)
in attempting to verify Gratton's regults, found an
abnormal amount of scatter for a given set of condi-
tions and no smooth variation with temperature.
Filtration studies and centrifugation experiments
led them to the tentative conclusion that the carbon
exists in so fine a suspenaion in sodium that there

0.026 wt % oxygen in sodium

E
& ool —
F sof- —
Z 80f— ]
2 o
a 60 prmenm =
g S 0.004 wit¥ oxygen in sodium

40}— —

| ] J ] 1
3200 400 800 800 1000 1200 1400

Sodium Temperature, F

FIGURE 2. 2. SOLUBIH&')Y OF CARBON IN
SODIUM

i
is no "readily measurable equilibrium solubility
in the graphite sodium system', These studies are
continuing.

Goldmann and Minuskin”” present a concise
disucssion of carbon tranaport in sodium-stainless
steel-carbon systems. Since carbon is more or
lean soluble in sodium and occurs in varying forms
and amounts in container materials, it tends to
migrate from one reglon to ancther in molten sodium
systems, This carbon-transport behavior can be
rationalized on the basis of simple thermodynamic
considerations, In most systems, the initial
activity (free energy) of carbon in the sodium is
different from that in the containment inaterials,
Thus, "when carbon or carbon alloys with different
carbon activities {free energies) are in contact with
sodium in the same system, or when a gingle metal
or alloy is in cuntact with sodium at different
temperatures, carbon migrates via the sodium
from regions with the higher activity (free energy)
to those with the lower activity (free energy). The
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carhon tranafar tends toward an equilibrium at all
surfaces in contact with the sodium, The resulting
carbon concentration in the metal or alloy may
reach very different values from the original
ones", {31) pp, driving force for the carbon mi-
gration process is this difference in activities or
partial molal free energies between the carbon
existing in the container materjals and that in the
sodium,

2. 1,4,2 Type 304 Stainless Steel; Equilibrium
Reactions of 1000 to 1600 F Sodium-Immersed
Material With Carbon!3?)

Carbon at Steel Surface, In godium saturated
with carpon, the equilibrium carbon content at the
surface of Type 304 stainless ateel was measured
as! '

Temperature, Equilibrium Surface Carbon
F Concentration, wt%h
1000 2,68
1200 3.1
1400 3.6
1600 4,35

The equilibrium carbon content at the surface
of Type 304 stainless steel with sodium of varying
carbon content at 1200 F {s:

Carbon in
Sodium, ppm

Equilibrium Surface Carbon
Concentration, wt%

15 0.04
18 0,30
25 1,0
60 3.0
70 (saturation 31
level at
1200 F)

This implies that sodium containing 15 ppm carben
would be in equilibrium with normal Type 304
stainless steel (0. 04 to 0. 08 C) at 1800 F,

Carbon Within Case, Case depth as a function
of time and temperature is shown in Figure 2, 3,
The case depth is defined by a concentration of
0. 3] weight percent, which is the limjt that can be
detected metallographically,

The equilibrium carbon level in the case i
greater than the level of carbon solubility in the
ateel, The excess carbon reacts to form an iron-
chromium-carbon compound, (Fe, Cr|7C3, zon-
taining 75 percent chromium which precipitates and,
in effect, removes chromium from the alloy.
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FIGURE 2.3, METALLOGRAPHICALLY DE-
TERMINED DEPTH OF VOLUME
CARBURIZATION VERSUS TIME
AT TEMPERATURE, FROM CAR-
BURIZATION OF TYPE 304
STAINLESS STEEL IN CARBON-
SATURATED soDIum¢ 3>

2,1,4,3 Various Austenitic Steels (and One Nickel=-
Base Alloy); Capsule-Insert Experiments to In-
vestigate Carbon Transfer From Carbon Steels in
1200 F Sodium Environment{3b)

Materials

Austenitic Steels
18Cr-11Ni-0,64Ti=0, 08C
20Cr-15Ni-1Mn-2, §8i-0. 14C
14Cr-20Ni-2.7W-1Cbh=-1,5Mn-0, 12C

Nickel-Base Alloy

T5Ni-20Cr-0,21Ti-0,09C

Carbon Steels

0.73, 0.83, and 0, 99C

Carbon Transfer (From Carbon Steel
Crucibles to Ingerts; 1200 £, 2000 and 4000 Hours),
Ag indicated below, considerable carbon transfer
occurred between carbon steel and several austen-
itic stainless steela. This mass-transfer effect
wae found to depend sormewhat on the oxygen level
in the gsodium.
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Carbon Content, wtfh, in 0,2
MM-Thick Surface Layer After
4000 Hours' Exposure to Sodi-

um of Indicated Oxygen Content

Insert 50 PPM 500 PPM 1000 PPM
Material (oF 0, (oF]
18Cr-11Ni 2,34 2.59 3.0
20Cr-15Ni 1,66 1.70 1. 76
14Cr-20Ni 1.85 1. 80 2.1
21Cr-75N4 -- 1,33 1.18

Additions of zirconium inserts, which get-
tered both oxygen and carbon, reduced the carbon
transfer by approximately 25,percent; columbium
in the sodium was leas effective,

Not only was carbon transferred to the insert
materials, but when the oxygen levels in the sodium
were abnormally high (to about 6000 ppm), carbon
also appeared in a fine layer on the sodium-
contacting crucible walls, Insert specimens located
above the liquid sodium were carburized, but only
about one-fourth as much as submerged specimens.

Anodic polarization of the carbon steel in-
creased the degree to which it decarburized, while
cathodic protection gave the opposite result, The
interpretation was that the carbon-transfer process
involves ionic oxygen rather than molecular sodium
oxide, \

These various observations led to the hypoth-
esis that the carbon carrier is carbon monoxide
which is formed by chemical reaction of ionic

forms of carbon and oxygen. Dissociation of monox- '

ide molecules on metal surfaces would liberate
carbon,

Property Changes Owing to Carburization.
Insert materials were embrittled severely as a
reault of carburization, as indicated in the follow-
ing tabulation,

4000- Hour
Exposure at 4000-Hour Exposure at 1200 F to Sodium
1200 F to Inert of Indicated Oxygon Content -
Atmosphere 50 PPM Op 300 PPM Oz 1060 PPM ©p
Hard: Elonga- Hard- Elonga- Hard- Elonga- Hurd- Elonga-

ness, tlon, neas, tion, ness, tlon, ness, tion,
Material UHN  percent YHN percent VHN percent _VHN percemt
18Cr~ 1IN 220 22 637 0 724 ] 700 [
20Cr-15N1 222 18 425 0 460 0 440 o
14Cr- 20N} 144 24 427 0 457 ] 47 9
21Cr-T5NY 18% 1 265 10 263 9 455 11
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2.1.4.4 Combinations Involving Type 1043 Plain
Carbon Stee

Table 2,7 presents results of 1830 F static-
capsule experiments which demonstrate the de-
carburization of sodium-exposed Type 1043 steel
in contact with Armco iron and with Type 304 ELC
stainless steel. The findings in the latter case
also indicate transfer of nickel to the carbon steel
from the austenitic steel employed as the con-
tainment material.

2,1,5 Multimetallic Loop System

2,1.5,1 Combination of Five Iron- and Nickel-

‘ Base Materials* Incorporated Into Integral Pump-

ing Loops Operated With 1300 to 1400 F NaK-
18.37-39)

Table 2.8 summarizes corrosion data for
NaK-78 pumping-loop experiments involving
materials located in series, as follows, in the
flow circuits: B .

Hastelloy N (Chromized) - Heater section

Types 316 and 347 stainless steel and
Croloy 9M - Heyter-cooler connecting
section i '

. e ‘.‘ i ¢

Croloy 9M - cpoler section - '

Croloy 91, Hastelloy C, and Type 316
stainleas steel - Cooler-heater connecting
section,

Corrosion and Mass Transfer, The corro-
sion of Hastelloy N and stainless steel was depend-

ent on the presence of oxygen in the NaK, Hastelloy
N exaibited the greater degree of attack, but its
corrosion rate was not as sensitive to oxygen as
that of the stainless steels. Slight weight gaina
which were observed for the Crcoloy 9M resulted
from nickel pickup by dissimilar-metal transfer.

In the high-oxygen loopa, mass-tranefer products
coantaining sodium chromite (NaCrO;) were found.

* The simulated reactor-materials situation is as
follows:

Hastelloy N (Chromized) ~ fuel cladding

Hastelloy C - lower grid plate

Type 347 stainless steel - BeO moderator
cladding

Type 316 stainless steel - reactor vessel
and primary piping system

Croloy 9M - mercury boiler material,
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TABLE 2.7, DATA FOR EXPOSURES OF TYPE 1043 PLAIN CARBON STEEL IN 1832 F soDium{!®

Carbon, wt‘%

Weight Loss, mg/cm® -

Nickel, wt %

After After After After After
100-Hour 400~Hour 100«Hour 400~Hour 400-Hour
Material Original Exposure Exposure Exposure Exposure Original Exposure
Armco Iron Capsule
Type 1043 steel 0, 43 0.121 0, 054 0,03 6,1
Armco iron 0,019 .
Vapor zonge 0,019 0.016
Bath zone 0.035 0. 024
Type 304 ELC Stainless Steel Capsule
Type 1043 steel 0,43 0.100 0,074 0,03 4.1 0,008 0.090“
Type 304 ELC 0,022 11,12
stainless steel
Vapor uzone 0,022 0,162 10, 32
Bath zone 0.128 0,200 9.98

TABLE 2.8, ([EFFECT OF TIME, TEMPERATURE, HYDROGEN, AND OXYGEN ON CORROSION OF
; "'MATERIALS IN NaK-78 PUMPING LOOPFS (it = 200 F)

Oxygen Content

Corrosion, mg/cm®

' , in NaK Type

Peak (Regulated by . 347
Temperature, Time, | Hydrogen Cold Trapping), Hastelloy N Stainless
F hours Present ppm {(Chromized) Steel Croloy 9M

1300 2000 No < 30 -3 +0,8 +0.1
1400 , 2000 No < 30 -8 «1 +0.3
1400 i 2000 No ~ 80 -8 -3 «1.5
1400 ; 5100 No <30 =20 -2 =0,3
1300 2000 Yes <30 -3 +0.8 0

Effect of Hydrogen. One objective in the
program was to determine the effect of hydrogen,
introduced into the liquid-metal stream, on com-
patibility, Pertinent experiments led to the con-
clusion that hydrogen has no effect on either corro-
sion rates or carbon migration.

Carbon Migration, At temperatures as low
as 1200 F, Croloy 9M experivnced significant car-
bon depletion, while in other sections at lower
temperatures, it was carburized. Variations in
uxygen level in the NaK appeared to have little
effect on the carbon-migration rates,

L. 1.6 Mechanical-Property Effects for
Type 316 Stainless Steel

2.1.6.1 Type 316 Stainluss Steel; Evaluation of
Mechanical Properties After Sodium, Air, or
Helium Exposure.at 1200 F, (40-43)

Carbon Transfer, Exposure of Type 316
stainless steel to high-carborn* sodium resulted
in carburization of the surface layer - typically,
from an original 470 ppm to nearly 7000 ppm in
4000 hours., Exposure to normal-carbon sodium
(both low and high oxygen) increased the surface
carbon level to about 1000 ppm.

* Jow-oxygen sodium =30 ppm oxygen
High-oxygen sodium =~ 300 ppm oxygen
High-carbon sodium = generally, in the 30 o

60-ppm range (saturated or nearly so),
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Several materials tested were found to gain
carbon in the following order:

Type 321 > Type 304 > lype 310 > Type 317 >
Type 309 > Type 330 > Incoloy 802 > 2-1/4Cr-

LMo > Inconel 600 > Nickel > Armco iron,

As shown below, stress was found to promote
carburization in Type 316 stainless steel exposed
at 1200 F sodium, ’

" Exposure Time, hour
Stress Level, psi
Average Carbon Content,

ppm
0-2 mils below surface 3,211 1,063
2-4 mils below surface 1,516 491
4-6 mils below surface 686 561
6-8 mils below surface 806 471
Original Carbon Coritent,
ppm o : 458 458

2,489 4,000
18,500 0

Creep-Rate Behavior, See Figures 2,4 and
2.5. The deformation-time curves for Type 316
stainless steel in 1200 F high-carbon sodium
showed inflections and only brief second-stage
creep periods,

Creep-Rupture Behavior. See Figure 2,6.

Cyclic-Strain® Behavior, See Figures 2,7
and 2.8,

Tensile-Strength Behavior, Variations of
tensile strength after the following 1200 F ex-
poesures were 5 percent or less:

(1) Air
{2) Helium

(3) 400 hours in low-oxygen sodium; tested
in helium,

Typical valucs for sodium-éxposed speci-

mens were:

- et

Tensile Strength
1200 F - 48,470 psi
RT - 92,850 psi
% Defined as the ratio of specimen thicknesses
to the radius of the mandrel over which the
gpecimen was bent,
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FIGURE 2.4, MINIMUM CREEP RATE QF TYPE
316 STAINLESS STEEL IN AIR,
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.‘ 1200 F(41)
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FIGURE 2.5, MINIMUM CREEP RATE OF TYPE
316 STAINLESS STEEL IN AIR,
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FIGURE 2.6. CREEP TO RUPTURE OF TYDE
316 STAINLESS STEEL SPECIMENS
IN AIR, HELIUM, AND SODIUM
AT 1200 Fl4¢)
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FIGURE 2.7,
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FATIGUE TESTS OF 316 STAIN-
LESS STEEL IN AIR, LOW-OXYGEN
SODIUM, AND HIGH-CARBON-
SODIUM ENVIRONMENTS AT

1200 Fl4!
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FIGURE 2,8, FATIGUE TESTS OF TYPE 316

STAINLESS STEEL IN AIR, LOW-
OXYGEN SODIUM, AND HIGH-
OXYGEN SODIUM ENVIRONMENTS
AT 1200 P41

Offset (0. &%) Yield Strength
1200 ¥ - 25,870 psi
RT - 43,930 psi

Elongation
1200 ¥ - 43 percent
RT - 48 percent

Impact -Strength Behavior. Exposures of
4000 hours at 1200 F resulted in the following
reductions in impact strength:

(1) 47 percent ia helivm
{(2) 65 percent in sodium (high oxygen)

{3) 82 percent in sodium (high carbon)

AUSTENITIC STAINLES3
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(Original miaterial had impact strengths
between 9 and 10 ft-1b for 0. 098 -inch-thick
specimens. )}

2.1.6,2, Type 316 Stainless Steel; Recommended
Derign Stresaes for Sodium Servicel®%/

Figure 2. 9. preseats recommended stress
curves '"developed by applying the fcllowing factors
to the stress levils reduced by the extended life
and environrnental considerations for each of the
materials:

(1) 100 percent of the average stress to
produce 1 percent creep in 210,000
hours

(2) 100 percent of the stress to produce
rupture in 210,000 hours.

"Figure 2. 9 includes all of the factors for
extended life (210,000 hours) and the nonoxidizing
environment effect. The extended life does not
affect.the design stresses until approximately
1150 ¥, This effect reaches 10 percent between
1200 and 1250 F and a maximum of 33 percent at
1400 F. The nonoxidizing environment effect,
which was reported by MSA Research Corporation,
shows a 20 percent reduction of creep styength at
210,000 hours. Applying this effect to the creep
curve, it now becomes the controlling factor at
approximately 1050 F.

"Not included in the design streas curve
are the effects of carburization and of nickel and
chromium transport, Although carburization tends
to strengthen, it also tends to embrittle the
material, :

2,1.7. Nitrogen-Transport Behavior

2.1.7.1. Nitriding of Stainless Steall45:46)

Although nitrogen is considered to be
practically insoluble in sodium, early experiments
at Knolls have demonstrated that ferrous alloys
and beryllium are readily nitrided in sodium when
confined under a nitrogen cover gas. Results of
static capsule tests, performed at 900 F for 7
days, and static container tests, conducted at
1100 F for 30 days, are presented in Table 2. 9.
These results indicate that (1) the ferrous alloys
(with the possible exception of 2-1/4Cr-1Mo) and
beryllium will nitride in sodium when in the pre-
sence of nitrogen, either dissolved or carried as
Ca3N2, and (2) the nitride reaction occurs at
900 F. The boundary between the nitride layer
and the base material in the austenitic stainless
steels had the same sharp delineation that is
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FIGURE 2.9, DEVELOPED DESIGN STRESSES
FOR TYPE 316 STAINLESS STEEL
IN A SODIUM ENVIRONMENT AND
A 30-YEAR LIFE(44)

TABLE 2,9, NITRIDING OF VARIOUS MATERIALS IN SODIUM UNDER A NITROGEN COVER GAS(46)
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prominent in commercially nitrided steels. Also
apparenl in these tests was 4 noticeable decrease
in hardness of the nitrided materials. This de-
crease in hardness was attributed, by the authors,
to a combination of two factoras: {irst, nitride
layers that are maintained at elevated tempera~
tures for long periods of time tend to soften, and
second, nitriding may be incomplete under the
reaction conditions during the tests. It was postu-
lated, from the thermodynamics of the reaction,
that nitrogen transport in sodiumn (via diffusion,
entrainment, or in Ca;N, as a carrier) could
conceivably be the rate-controlling step in the
nitriding process,

The results observed in the Knolls study
weyre confirmed several years later for Tzspe 304
stainless steel at Atomics !nternational.( )
In this more extensive investigation, nitriding of
Type 304 stainless steel occurred in sodium loop
tests at 1000 ', The experiments consisted of
exposing Type 304 stainless stecl specimens to
low-oxygen-content (10 ppm) sodium in a low-
velocity (0.1 to 0, 2-ft/sec) test loop employing
nitrogen as a cover gas, The specimens were
positioned in the loop so that a portion of each
extended above the surface of the sodium into
the nitrogen atmosphere. One specimen was com-
pletely submerged 18 inches below the gurface of
the sodium. Specimens were removed from the
loop after exposures of 660, 1100, and 1400 hours
and examined metallographically, The results of

—— - —]

Weight Thickness
Surface Change, mg of Nitride Knoop Hardness ’
Area, (Average, of 3 Layer, Nitride Base
Test Material dm? Specimens) mils Layer Material X-Ray Diftracticn Data
Static Capsulv Tests Be 0,072 + 0, 4(a) None(B) - - Film identified as
900 F, 7 days Be N,
03 = 0,003 wt% 347 88 0,074 + 1,0 0,25 285 178 None taken(c)
Ca = 10 ppm
Static Container Tests 347 88 0,196 + 9.0 0.4 243 182 None takenlc)
1100 F, 30 days
02 = 0,003 wt % 304 S8 0,163 +9.0 1.0 350 156 Layer ideatified as
Ca = 10 ppm vCeN
410 35 0,163 +18,0 2,25 263 154 Layer adentisied as
yCrN
2. 5Cr-1Mo 0,163 0.0 None 155(d) 131 -
18-4-1 tool 0,102 t 2.0 1.5 310 243 None taken(t)
steel
6-6-2 tool 0,163 + 1.0 1.5 2 212 None taken(c)
steel

(a)
(b)
incomplete descaling.

(c)

this film carries a nitride.
(d) Too small an increase to be significant in the absence of 4 visible film,

After descaling; film weight (per specimen) 1, 6 mg,
No visible nitride effect cn descaled surface, except remaining nitride film caught in narrow irregularities owing to

Structure similar between this film and X~ray identified {ilms,plus the increase in hardness, are taken as evidence that
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these tests, Table 2. 10, indicate that Type 304
atainless stecl will nitride in a 1000 F sodium flow
loop. It is evident from Table 2. 10 that nitriding
is relatively rapid immediately below the sodium-
nitrogen interface, and the degree of nitriding
decreases with increasing distance from the
sodium sidz of the boundary. Expoaure for 1140
hours or more was sufficient to produce some
nitriding on the gas side of the interface. For the
completzly submer¢ged specimen, 18 inches below
the sodium surface, a very thin case was found to
exist after 1400 hours' exposure.

Also, to ascertain the effects of nitriding
on the mechanical properties of Type 304 stainless
steel, tensile, stress-rupture, and flexural-
fatigue tests were performed on specimens which
had been nitrided by commercial techniques em-
ploying ammonia gas, Table 4,11 summarizes
the results of these tensile tests. An increase in
the yield strength and a marked decrease in both
ultimate strength and ductility (elongation) were
exhibited by the light (1 to 2-mil case) and the

18
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heavy (4 to 6-mil case) nitrided Type 304 stainless
steel, Thesge effects occurred from room tempera-
ture to 1000 F. From the stress-rupture tests,

it was determined that at 1000 F, the nitrided
material has an appreciably shorter lite at a

given stress than does mill-annealed Type 304
stainless steel. For example, it is evident from
Figure 2,10 that at a stress of 40,000 psi, the

life of the "as received" specimens is approxi-
mately 50 times that of specimens with a 1 to 2-
mil case. Furthermore¢, the heavier the case the
shorter the rupture life at a given stress,

2.1,7.2. Nitrogen Migration Via Disgsimilar-
Metal Mass Transfer!®>!

In refractory metal-stainless steel- sodium
systems, the transfer of interstitial nitrogen
(similar to carbon) from stainless steel te the
refractory-metal surface (where more stable
nitrides are formed) has been observed. The
system Type 316 stainless steel-columbium-
sodium was extensively investigated in the 1500

TABLE 2,10, NITRIDE-CASE THICKNESS FOR TYPE 304 STAINLESS STEEL
EXPOSURE TO 1000 F SODIUM-NITROGEN SYSTEM(45

Loiit\

Nitride=Case Thickness,

mils

Specimen Position

Exposure Time,

Sodium=Side Interface

Z

itrogen=Side Interface

hours Slightly Below 3 Inches Below  Slightly Above 3 Inches Above
660 0.9 0.1 None None
1140 1.5 0,1 V.1 0.1
1400 2.0 0,3 - 0.4

TABLE 2,11, TENSILE DATA FOR NITRIDED TYPE 304 STAINLESS STEEL(45)

As Reccived

1 to 2=Mil Case 4 to 6=-Mil Case

Yield Strength, psi

RT 35,300

500 F 22,500

1000 F 18,800
Ultimate Strength, psi

RT 93,100

500 F 67,900

1000 F 61,900
Elengation, percent

RT 65,2

500 F 34,9

1000 ¥ 32,8

34,000 39,500
28,400 29,800
26,900 29,800
74,000 60,000
53,500 41,600
48,100 41,700
35,6 17.5
19,6 10. 5
18,3 6 5

-
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to 1800 ¥ temperature range.(‘“) The results of
Table 2. 12 indicate

in thes® tests, the jncreases in nitrogen
concentraunn of the columbium wers datermine
nd veriiied BY metallo~
nations. These analyti=
ons revealed that the gusiace fayer
the columbiur conpiated of CbgN”

gy

I
*® A layer of ChG wad also shown to have formed.

TABLE 24 12, gFFECT o¥F MASS TRANSFER oF G
. PROY ERTIES or

ARBON AND NITROGEN ON ROOM
cowMBmMM TRSTED N sopIuM IN TYPE 310 ST AINLESS s*rmmﬂb\ CONT

GHROMIU M A LLOY
$TEELS

sODIUM AND NaK

2.2 CHROMIUM ALLOY STEELS

D

2. 8.1 Comgatibihtx - Lie.neral
Chromium alloy ateels , a8 subalitutes {for
austenitic gteels, have beer widely investigated

These materials
Y reasonable strength at such
1n additions when
compared with austenitic gtainless steels;
alloys exhibit high thermal conduct'wltiea and low
coefficient® of thermal expangions which facilitate
a reduction & thermal stress and fatigue in large~

When chromium—alloy ateels are exposed 0
sadiurm, the "principal problem encountered is

1088 of carbon and c.onaequent oss of strength-
Compatibmty gtudies have lnvariahly given em-~
phasis o this particular aspect of the problem.
general conclusions from & broad gpectrum
of laboratery inve stigation® jnclude?

() within the range of permiuibla gtrength
o about 1200 Fy the resintance ©

regard, these ma.ter\a.h are ¢0
more sensitive than the austenitic alloyé.

i

_TEMPERATURE TENSILE
AINERS““

change io yitimate Tensile Elongation in
Suriace-l\rea Rutlo Concentratlon gtrengthy pei Inches her can:
Temperatul®s Tme, of Stainless steel in Columbiumy ppm pefore After Belore After
¥ houts to Golumblur. Carbon Nitroged Taest Test _Test Tedt
1700 1000 0.1 100 - 20
1700 500 6,5 +240 + 660 22,800 48,200 17.5 5
1700 500 6.5 +420 +1920 22,800 46,200 11.5 11
1800 500 40 4190 + 60 22,800 50,40 11.5 b
— e // e / ,__,,.,___,__,.,,,,__,.___/_,._..._____,..—-—
{a) AlL apec\mens used in theue testd ware annoated for 2 houts at 1600 © in vacuum prior 0 expoBur S gpecimen thickneds,

0,040 inche
(b} 18Cr=} AN~2 sMa=1. gMn-0. 0()‘3«0.03N.
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(2} At temperatures up to about 900 F,
chromium alloy steels do not sutter
loss of carbon as a result of sodium
exposure. At higher temperatures,
particularly when a carbon sink is
present, carbon losses do occur and
can progress to the point where the
material in serioualy weakened., In
practical heat-exchange systems,
this sink uaually consists of some
austenitic steel component,

(3) Resistance to decarburization is a
direct function of the chromium content
in chromium alloy steels. This is il-
lustrated by the following observations
on indert specimens exposed to sodium
in pump loops fabricated of austenitic
stainless steels and operated with
oxygen levels below 100 ppm.

Exposure Temperature

Alloy in Loop System, F Decarburization
I/2Cr 1100 Nearly complete
1Cr-1/2Me 750 None

1020 Nearly complete
1-1/4Cr- 1Mo 1050 About 40 percent
1100 Nearly complete
&-1/4Cr- 1Mo 750 Nane
950 None
1020 Slight
1080 About 50 percent
1100 Nearly complete
ACr-0.5Mo 1050 Slight
5Cr- 0.5M0o-0, 3974 1050 None
5Cr-0.5Mo-1-1/284 950 None
7Cr-0. 5Mo 1050 None
9Cr-1Mo 1050 Slight
12C» 930 None

selected from References 4, 8, 9, 27, 48+50.)

(4) The resistance of low-chromium alloys
to decarburization can be significantly
improved through the additiun of re-
fractory metals which function as
carbon estabilizers,

2, 2,2 Detailed Loop-Test Data

2.2.2,1, 2-1/4Cr-1Mo and 5Cr-1/2Mo-1/2Ti
Alloys; Inserts in and Cold Legs of Pump Loops
With The Same Material or Type 310 Stainless
Steel as the Hat Legs'®s<’/

Nominal Sodium Conditions.

Tax = 1100 and 1200 F
AT =250 and 500 F
V =to 30 fps

Time =to 30,000 hours

Oxygen in
sodium = 10 and 50 ppm (by cold
trapping).

CHROMIUM ALLOY
STEELS

SODIUM AND NaK

2-1/4Cr-1Mo Steel. This material decar-
burized in buib vnveinstallic and Bimotzllic {(Tyna
316 stainlesg steel hotleg) systems and suffered
a corresponding loss of tensile strength, In the
monometallic case, the carbon migration oc-
curred from the high-temperature (~ 1200 F) to
the low~temperature zone; in the bimetallic case,
the migration occurred from zones have tempera-

tures greater than 1000 F to the austenitic regions,

Data pertinent to these studies are listed helow:

Room-Temperature

o Insert Exposure Carbon  Strength of 2-1/4Cr-1Ma
Temperature, Time, Level, ____ Insert, pai -
_Type of Loap ____F hourw  percemt Yield Ultimate
Nane {original - - 0.10 52,000 98,000
stock)
Bimetallic 1000 2800 o.10 §9,000 85,000
{0, ¥ %0 ppm)
Monometallic 1000 1100 .09 51,000 80,000
{02 ™ 10 ppm)
Bimatallic 1100 100 0.04 35,000 68,100
(02 ¥ 10 ppm)
Bimetallic 1100 1400 0,04 30,000 61,000
{0z ¥ 10 ppm})
Monomastallic 1200 700 0.05 32,000 63,000
{0z ¥ 10 ppm)

5Cx-1/2Mo-1/2Tji Steel. In both the mono-
metallic and bimetallic systems, this material
was largely unaffected by carbon transport.
However, it did suffer intergranular attack up to
1 mil after 2800 hours' exposure in the 1000 to
1200 F range (~50 ppm oxygen in the sodium),

2,2,2,2 2-1/4Cr-1Mo Alloy With Refractory
Metal Additions; Insexts in a Thermal Lioop
Fabricated of Type 304 Stainless Steel'®"/

Nominal Sodium Conditions

Trmayx = 1200 F

AT =750 F
Vv = 0.1 £ps
Time = to 4000 hours
Oxygen in

Sodium = approximately 60 ppm.

Materials
2-1/4Cr-1Mo .
2-1/4CT-1Mo-0. 037Ch (453)*
2-1/4Cr-1Mo0-0, 73Chb (4S17)
2-1/4Cr-1Mo-0, 32Ti (452)
2-1/4Cr«1Mo~0, 4Ti-0, 1Cb (455)
2-1/4Cr-1Mo-0, 4Ti-0, 4Cb (481)
2-1/4Cr-1Mon=0, 4T{-0. 4Cb~1, 3Ni (582)
2-1/4Cr-1Mo-0, 6V (4584)
2-1/4Cr-1Mo-0, 6V-0. 1Ch (458)
2-1/4Cr«1Mo-0. 6V-0,25Chb {459)
2-1/4Cr-2Mo-0, 4Ti-0, 4Cb (551)
5Cr-1Mo-0.4Ti-0.4Cb (751)

Corrosion Behavior. The resistance to
corrosion was improved by refractory-metal
additions, Typical specimen weight changes
were as follows:

* Laboratory designation,

i oot
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SODIUM AND NaK CHROMIUM ALLOY

STEELS

2-1/4Cr-1Mo steel: -0, 11 mg/(cm?)

(month)*
Refractory-metal-alloyed steels: -0.03
to =0, 07 mg/(cm?){month)

Type 304 stainless steel (comparison
material); -0.02 mg/{(cm2){month).

Carbon Transfer. Improved resistance to
carbon transfer was also obtained through the
addition of refractory metals, This observation
is illustrated by the following variations in car-
bon concentration resulting from 1000 to 4000-
hour exposures.

Approximate
Pre~exposure Carbon Approximate

Material Level, wt% Change, wth
2~1/4Cr-1Mo 0,11 -0,08
483, 482, 454, 458 0. 14 -0.03t0 0,07
487, 455, 451, 552, 489 0,14 to 0. 16 0 to -0,02
581, 751 0.15t0 0,17 to +0,02
Type 304 stainless steel 0.06 +0, 01

{comparison material)

2.2,2,3 12Cr-1Mo and 13Cr-1Mo Alloys; Inserts
in Pump Loops Fabricated of 18Cr-9Ni-1Ti
Steell?)

Nominal Sodium Conditions

Tmax = 1292 F
V = to 15 fps
Time = to 6,500 hours
Oxygen in

Sodium = 20 to 50 ppm,
Materials

12Cr-1Mo-0.3W=0. 42V
12Cr~1Mo~0, 59W-0. 31V-0, 42Cb
13Cr-1Mo-18i-0. 37Cb

Carbon Transfer

12Cr-1Mo-0,59W-0. 31V-0. 42Cb changed from
an initial carbon concentration of 0.20 percent
to a final carbon concentration of 0. 14 per-
cent in 5100 hours,

12Cr-1Mo-0,3W-0, 42V changed from an initial
carbon concentration of 0. |4 percent toa final
carbon concentration of 0.13 percent,

#* A weight loss of 1 mg/{cm&){month) is approxi-
mately equivalent to the uniform removal of
0.6 mil per year of surface.

SODIUM AND NaK

CHROMIUM ALLOY
STEELS

13Cr~-1M0-15i-0, 37Cb did not vary in carbon
level.

Strength and Ductility. The strength and
ductility of sodium-exposed inserts (5100 to
6500 hours) were approximately the same as
those of inert-atmosphere control samples ex-
posed for 5000 hoursa,

Original Properties

Ultimate

Tensile

Strength, Elongation at Fracture,

Material pei percent
12Cr-1iMo0-0,59W-0, 31V~ 132,000 11
0, 42Cb

12Cr~IMo-0. 3W-0, 42V 78,200 17
13Cr=-1Mo-18i-0, 37Ch 108,000 13

5000 Hours lnert Atmosphera

Exposure
_ At 2R F
Ultimate
Tendile
Strength, Elongation at Fracture,
pui percent
i2Cr~-1Mo-0.59W-0, 31V~ 81,000 22
0. 42Cb
12Cr=-1Mo=0, 3W-0. 42V 79,500 16
13Cr-1Mo-18i-0, 37Chb 96,500 12

Sodium Exposure at

1292 F

Ultimate

Tensile

Btrength, Elongation at Fracture,

psi percent
12Cz-1Ma-0,59W-0.31v-  81,000(8) 24
0, 42Ch

12Cr-1Mo-0, 3W~0, 42V 75,500(') 18
13Gr-1Mo-18i-0, 37Cb 95,000(b) 12

(a) Expoased for 6500 hours,
(b) Exposed for 5100 hours,

2.2,3 Mechanical-Property Effects

2.2.3.1 2-1/4Cr-1Mo Alloy; Evaluation of Me-
chanica) Properties After Sodium, Air, or Helium
Exposure at 1100 p{45,51])

Carbon Transfer. Sodium-exposed speci-
mens lost carbon approximately as follows:

Average Carbon Level, ppm

Low-Oxygen'8)  High-Oxygen
Time, hours Sodium Sodium
Original 870 870
2000 550 400
4000 450 350
6000 350 -

(a) Low-oxygen sodium = ~30 ppm oxygen
High-oxygen sodium = ~300 ppm oxygen
High-carbon sodium = generally, in the 30 to

60-ppm-carbon range (saturated or nearly so).
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CHROMIUM ALLOY
STEELS

SONIUM AND NakK

In high-carbon sodium at 1100 F, specimens
rapidly absorbed carbon to an equilibrium value
of approximately 0.5 percent,

Creep-Rate Behavior. See Figure 2.11.

Samples exposed to both helium and high-
oxygen sodium indicated earlier third-stage creep
than samples exposed to air.

Test conditions
X Helium B Ajr

2 & Na (30 ppm Qp)

g 100 = v Na (300 ppm0g)

o} 4 Na(30 ppm Opl(pre exposed)
. ¥ No (300ppm Op){pre-exposed)
8 0 VA

g = &

m 4

1

| | |
g 107 0% 1o® ot 10°
Minimum Creep Rate, 7o /hr

FIGURE 2.11, MINIMUM CREEP RATE OF
2-1/4Cz-1Mo ALLOY STEEL IN
AIR, HELIUM, AND SODIUM AT
1100 Fi51)

Creep-Rupture Behavior. See Figure 2,12,

The high-oxygen sodium introduced surface
cracking and a fagter rate of decarburization,
which might lead to additional deleterious effects
over long periods of time,

Curve) Exposure Rupture media

I [None Air ond helium
None Na (30 & 300 ppm Op)
4000 hr-Na(30 ppm Qp) | Air and helium
4000 hr=Na(30 ppm O,) | Sedium(30ppm Og
4000 -Na(300ppm Op){ Sodium (300ppm Og)
4000hr-Na{300ppm Qg)| Hellum

psi

Q0

LR
O e N

Stress, 1000

L]

e

o
Hi» ’~

10

10 100 1000
Time, hours

FIGURE 2,12, CREEP TO RUPTURE OF 2-1/4Cr-

IMo ALLOY SPECIMENS IN AIR,
HE mumi AND SODIUM AT
1200 p31)

Cyclic Strain Behavior. The fatigue life
at 1100 F varled approximately as follows:

CHROMIUM ALLOY
STEELS

SODIUM AND NaK

Approximate Cycles to Failure
Sodium {30 and

Cyclic Strain,

percent Air and Helium 300 ppm Oxygen)
2 400 2,500
0.6 2000 30,000

Tensile-Strength Behavior. The tensile
strength of sodium-exposed specimens was signi-
ficantly reduced from that of specimensy in helium
and air. Average 1100 F tensile properties
following 400-hour exposures were as follows:

Sodium
(low oxy-

Air Heliurn _ gen) (a)

Tensile Strength, 65,1200} 38,550(b) 26,150

psi

Offaet (0.2%) 27,990 23,700 17,100
Yield Strength,
pel

Elongation, 3l 33 45
percent

(a) Exposure to high-oxygen sodium reduced the
tensile strength to approximately 22,000 psi,

(b) The difference between air and helium ex-
posures was labeled as "inexplicable',

2,2.3,2 9Cr=1Mo Alloy; Evaluation of Mechanical
Properties After Decarburization in a Type 316
Stainless Steel NaK-78 Loop at 1425 F (lsothermal)
for 600 Houru(3&)

Carbon Transfer, Specimens were de-
carburized from an original carbon concentration
of 0,12 percent to less than 0, 0l percent,

Mechanical-Property Behavior

Ultimate Stvength, pal

Temperature,

¥ Controlié Decarbur{aed
178 71,200 55,100
500 64,900 48,900
1100 &7,600 22,000
1300 10,200 8,130
1400 6,080 4,320
Carbon
Content of
Yield Strongth (0, 2% Decarburized
Tomperatuye, QOffuet), pul Specimen,
P Control'®  Decarburized percent
18 45, 300 35,500 0,008
500 36,600 24,550 0,007
1100 19,070 16,330 0, 004
1300 9,590 7,800 0, 004
1400 5,810 3,920 0. 004

{a) Control specimens were given same thormal history as
decarburized specimens, i, o, fully annoaled and
heated 600 hours at 1445 F,
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2,.2.3.3 9Cr-1Mo Alloy Steel; Recommended
Design Stresses for Sodiurmn Service(44)

SODIUM AND NaK

Figure 2.13 pregents recommended design
stress curves for 9Cr-1Mo alloy steel. These
curves were developed in a manner analogous to
those for Type 316 stainless steel, presented in
Figure 2.9 on page 16.

6 I LA
1962 ASME Bolter and

Pressure=-Vesse! Code-
. Section VI Stresses

14 - ]
F Oevelopsd design

12 | stresses for @ sodium ‘\
- . environment ond a
& o | 30-yeor iite- \
8 \
= 8
]
Q
€
&
4 T
- 70% of 1962 ASME Boller and
2 1. Preswure Code-Section VIl Stresses’ Ny
\ \
0 1

%00 800 700 800 900 1000 1100 1200
Temperature, F

FIGURE 2,13, DEVELOPED DESIGN STRESSKES
FOR CROLOY 2-1/4 ALLOY
STEEL IN A SODIUM ENVIRON-
MENT AND A 30~YEAR LIFE(44)

NICKEL- AND COBALT-
BASE ALLOYS

2.3 NICKEL~ AND COBALT-BASE ALLOYS

Z2.3.1 Compatibility - Gensral

Nickel- and cobalt-base alloys have been
examined for sodium and NaK service, with em-
phasis at temperatures above 1200 F', the approxi~
mate temperature at which the usefulness of
austenitic stainless steels may be limited by
mechanical strength, However, these materials
have not been suhjected to the intensive multi-
laboratory types of investigation which are associ-
ated with the stainless steels. The underlying
roason ia that thelr resistance to corrosion and
masse transfer (in the temperature realm where
their strength would give thern the advantage)

NICKEL- AND COBALT -
BASE ALLOYS

SODIUM AND NaK

is insufficient to assure long trouble-free life
for a nonisothermal system,

Corrosion-locp data for nickel-base alloys
are included in Tables 2. 13 and 2. 14 (pump loops),
in Table 2. 15 (thermal convection loops), and in
the section at the end of the discussion {Inconel
pump loops encaompassing several variables), It
is seen that below 1300 F, nickel-base alloys suf-
fer very little corrosion in sodium environments,
Above this temperature, however, corrosion and
mass transfer in pump-loop experiments occur
in amounts several times greater than for stain-
less steel experiencing the same thermal condi-
tions. The corrosion is characterized by the
selective leaching of nickel and, to a lesser de-
gree, chromium, A typical composition of
material deposited by masa transfer of Inconel
is 90Ni-8Cr-0, 5F e,

It is generally accepted that the solubility
proceas dominates the mass-transfer behavior of
nickel-base alloys in flowing nonisothermal ays-
tems, and that the rate-controlling step in the
proceus is the rate of diffusion of reaction pro-
ducts through the boundary layer at the hot zones,
Theee characteristics can be deduced on tho basis
of the particularly diatinct pattern of masy-transtor
dependency on temperature, temperature dif-
ferential, and flow velocity, The effect of velocity
is especially well illustrated by a comparison of
thermal-convection-loop data, indicating sparse
manss transfer, with pump-loop data, indicating
fairly coplous deposits, under aimilar conditions
of temperature and time,

Only a scant amount of information exists
relative to carburization of nickel- and cobalt-
base materials during sodlum exposure, The
data in Tables 2,16 and 2,17 show that a car-
burizing environment will result in carburization,
although generally to a lesser degree than for the
austenitic stainless wteels. The conditions under
which decarburization might occur, however,
arc j+ss clear. On the one hand, evidence of
decarburization iw reported as a part of the in-
formation from the thermal-convection-loop
experiments listed in Table 2. 15; a low oxypen
lavel (<20 ppm) was maintained. On the otlier
hand, an Oak Ridge wource(56) outlines evidence
of decarburization of Inconel by sodiurn exposure
in instances where the sodium apparently had &
higher-than-normal oxygen level, A link betwecen
this decarburization and the oxygen level was
suggested, inasmuch as decarburization of Inconel
wasp not observed as a result of exposure to
sodium of higher purity,

The decarburization of Inconel from the
Oak Ridge Sourcel36) was cited as the reason fur
some loss of creep strength of the specimons

e i i




Tinaxs Time, Flow Oxygen Level, Attack in Hot Zone, Masw-Transfer
AT, F  hours (Hot Leg), fps ppm " mile Deposit, milse
| ;
| 1800 400 275 14,7 < 50 2,5t0 3,5 6.0
) 1800 400 500 14,7 < 50 3,0ta 5.0 10.0
\ f 1650 400 497 14. 4 <100 1.0to 1.5 8.0
’. i 1650 400 1000 14. 4 <100 2.5to0 4.0 5.0
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SODIUM AND NaK

TABLE 2,13,

DATA FOR PUMP-LOOP EXPERIMENTS INVOLVING
SELECTED NIGKEL-BASE ALLOYS{(12,53)

24

NICKEL- AND COBALT-
BASE ALLOYS

Matorial of Loap Construction

Corrosion Findings

Inconel

Incoloy

Hautelloy pla)

Hastelloy W

Hastelloy X (as heater
leg with pump cell of '
Inconel and remaining
sections of Type 316
stainless steel

Tmax = 1500 F; 4T = 300 F; t = 1000 hours

Thmax = 1700 F; 8T = 650 F; t = 305 hours

Hot-zone attack to & mils; heavy cold-zone deposits to 18
mils

Almost identical to that for Inconel

Heavy hot-zone surface pitting to 1-1/2 mils; slightly more
cold-zone depoaits than for Inconel

Hot-zone intergranular attack to i-1/2 mile; about 17 pew-
cent greater cold-zone depoaits than for Hastelloy B

Hot-zone attack; characterized by large subsurface voids,
to 3-1/2 mils (Hastelloy X); intergranular attack to~ 1
mil at entrance to cooler (Type 316 stainless steel);
deposits up to 32 mils in cooler; no observation re-
garding interactions among construction materialu

(a) A 1300 F peak-temperature, Hastelloy~B system (AT ¢ 300 F, t » 1000 hours) showed very sparse

mass-transfer deposits, The depth of intorgranular attack however, was about the wame as in the 1

1500 F system,

TABLE 2, 14,

DATA FOR PUMP-LOOP EXPERIMENTS INVOLVING
HAYNES ALLOY NO. 25 AND NaK-56(54)

Pretest _Corrosion Findings
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SODIUM AND NaK NICKEL- AND COBALT-
BASE ALLOYS

TABLE 2,1¢, CARBON-PICKUP DATA FOR VARIOUS ALLOYS AFTER EXPOSURE
TO GRAPHITE AND SODIUM, 100 HOURS, 1500 F{!1

Carbon Found

Carbon in in 3=Mil Depth of
Sodium, - Surface Carburization,
Material wt % Layer, wt % mils

Hastelloy B _ il 0,68 5

S Y'os 0.58 8

10 1,12 8

Type 310 Stainless Steel l 0,39 2
5 0.99 4 !
10 1,43 4 |
Type 316 Stainless Steel 1 0, 61 2 ‘
5 1.0 ' 4 \
10 2,35 4 I
Type 430 Stainless Steel 1 0,27 4 |
5 1,30 10 |

10 1,47 24

TABLE 2.17. CARBON=PICKUP AND MECHANICAL-PROPERTY DATA FOR VARIOUS ALLOY SAMPLES
ROTATING IN ﬁomum {~25 FPS, 1500 HOURS, 1110 F) OIL VAPOR PRESENT IN THE
COVER casl®?

Aftor 700 Hours Inept - B
Atmosphere Exposure After 1500-Hour Sodium Exposure at 1110 F

SO L 30 8 U1 0 Approximate
Ultimate Elongation Ultimate Elongation Thickness
Tensile Strength, at Fracture, Tensile Strength,  at Fracture, of Carbide
Mutarial _psi percunt psi percent _Layer, mils

20Cr=65Mi (Nichrome) 147,000 29 90,000 45 2
20Cr=78Ni=1 Al 1T} (Nimonic) 106,000 40 104,000 35 0
16Gr=60Ni=2Al (Nimonic) 174,000 13 132,000 25 1 :
Nickel 89,000 25 61,000 50 1
200w LINT=251 113,000 37 94,000 14 1
LHC v =14Ni=1T1 123,000 28 104,000 0,5 16 R
LHC r~12Ni«2Mo=L T . 104,000 3 94,000 5 8

.




Stress, 1000 psi

SODIUM AND NakK NiCKEL- AND CBALT -

BASE ALILCYsS

involved. The information in Figure 2. 14* and
Table 2,15, however, indicates that deterioration
of mechanical properties of Inconel owing to
sodium exposure does not corstitute a problem of
special significance, as is the case for austenitic
stainless steel,

0 ol .
1 TR ([
0% slongalion
10 o s o ‘ J
o.snl 1% 2| HH e} iow | THRE ~, l
SRR R R ’
o -~
S = ]
5 ED
. L
O\ I Y
2 .)}‘."s Fidil Sl
-.O Rupture In Argon
— 300 F
-ea 800 F
| [ - o
| LG 50 W0 %0 ‘000
: Time, hours

FIGURE 2. 14. DESIGN CURVES FOR AS-
|RECEIVED INCONEL TESTED IN

L . SODIUM AT 1300 and 1500 F(58)

On the basis of relative sclubilities of
nickel and cobalt (see Tables 2, 4 and 2,5), and
assuming that mass transfer of nickel- and cobalt-
base materials ie solubility dependent, the con-
clusion might be reached that the resistance of
the latter to attack by sodiuim or NaK should be
superior to that of the former, However, the
few pertinent compatibility data which exist lead
to the conclusion that this is not actually the case,
Rather, as indicated by the Haynes Alloy No,
25-NaK data presented in Tables 2. 14 and 2. 15,
the corrosion and mass~transfer behavior of the
two types of materials appears to be about equal
at comparable temperature levels.

2.3.2. Inconel Pump-Loop Experiments
Encompassing Several Corrosion
Parameters{10,1T,12)

2,3,2.1 Effect of Temperature

Fluid = Sodium
T = 200 or 300 F
t = 1000 hours

* Testing of Inconel in both argon and sodium at
1300 and 1500 F reveals very little difference
between the creep~rupture properties in the
two environments
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Peak Loop
Temperature, F . __ Corrosion Findings
1000 Original oxide film on tuhing
was andisturbed: no hot-zone
attack or cold-zone depousits
1350 Hot- zone intergranular attack
to 1/24 mil; scattered cold-
zone deposits to 3 mils
thickness
1500 Hot-zone attack to 2 mils;
heavy cold-uone deposits to
18 mils thickness,
Conclusion: Temperature produced a significant

effect on corrosion,

2,3.2.2 Effect of Temperature Differential

Fluid = Sodium
T = 1500 F
MAX = 1000 hours
Temperature

Differential, F Cold-Zone Mass Transfer

150 12 mils thick, 5-1/2 gla)
300 18 mils thick, 13-1/2 g
400 20 mile thick, 21 g

{a) Welght of deposit (approximately 90 percent
nickel and 10 percent chromium) seraped
from wall.

Conclusion: Plot of AT veraus weight of deposit
shows almost linear relation,

2.3, 2,3 Effect of Time

Fluid = Sodium
T = 1500 F

max
y 300 F

Yy

L.ength of Run, Weight of Cold-Zone

hour s Deposit, g
500 7
1000 13-1/2
2000 20
Conclusion: Rate of mass transfer between 1000

and 2000 hours appears to decrease
somewhat from almost linear vari=
ation below 1000 hours.




SODIUM AND NaK ZIRCONIUM AND

ZIRCONIUM ALLOYS

2.4.2.2 Disuolution Weight Lusses

At 740 ¥, zirconium ingerts in NaK-78 con-
taining approximately 15 ppm oxygen lost about
0,2 mg/cm,' during 500-hour exposures.

At 1020 F, sparge cold-trap and heat-
exchange deposits were okserved 4) in a sodium
sy stem where the oxygen level was maintained in
the 15 to 25 ppm range by cold trapping. This
dissolution effect for szirconium is illustrated in
Figure 2,7,

10
L 1
F\:— Cold-trap deposition
)

N\

o _ .
6 \(\\ﬁr Heat-exchanger deposition
\}
\\
\\
"

. \rm‘
2

50 - 300 350 400 450
' ,Cold Trap Temperature,F

n

Weight of Zirconium, pg/cm? of spesimen

FIGURE &,17. MASS TRANSFER OF ZIRCONIUM
. IN FLOWING SODIUM AS A
FUNCTION OF COLD-TRAP
TEMPERATURE (1020 F; 1000-
HOUR TEST){4)

2,4.3, Zirconium and Zirconium-Alloy
Inserts Exposcd to Static Sodium!00l

The oxidation of zirconium and several
zi rconium alloys was investigated at Atomics
International{60) in a static sodium system with
oxygen concentration of approximnately 10 ppm.
The materials investigated were:

2.4.3.1 Materials

Zirconium
Zr-1.5A1
Zr-1.5A1-1,58n
Zr-1.5A1-35n
Zr-1.5A1-1,5Mo
Zr-1.5A1-1Sn- Mo
Zr-3Al

Zr-3Al1-1, 58n
Zircaloy-2

2.4.3.2 Oxidative Weight Gains

The slopes of log (weignt gain) versus log
(time), which ere the values of 1/n in Equation
{2), for these materials are:

SODIUM AND NaK ZIRCONIUM AND

ZIRCONIUM ALLOYS

Value of 1/n at Indicated Temp

1030 F 1105 F 1175 F
Zirconium 0,45 0. 45 0, 46
1. 5Al 0.41 0.46 0. 52
1. 5Al1-1,58n 0.50 Q.50 0. 50
}.5A1~35n 0.42 0.45 0. 50
1. 5Al1-1.5Mo 0.41 0. 45 0. 49
1. 5A1-1. 0Sn~ 0. 45 0. 45 0. 48
1. 0Mo
3, 0A]1 0. 41 0.48 0. 46
3. 0Al-1,.58n 0.40 0. 45 0. 50
Zircaloy-2 0.41 0,46 0. 50

The rate constants for the above materials
are presented in Figure 2,18 and are based on
n=2.

Temperature, F
7% 00 1000 900 800
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FIGURE 2. 18. OXIDATION-RE/CTION RATE
CONSTANTS FOR ZIRCCNIUM
AND ZIRCONIUM ALLOYS IN
SODIUM AS A FUNCTION OF
TEMPERATURE{60)

e e Em e

LR Rt o

et i AT




|
|

3]

S50DIUM AND NaK BERYLLIUM

2 S RERYLLIUM

2,5.1 Compatibility - General

Beryllium like zirconium, forms a much
more stable oxide than sodium* and, consequently,
BeO will form at the surface of a beryllium sample
exposed to sodium containing oxygen. The re-
action occurring is:

Be + Nay0O = BeO + 2Na, (1)

In contrast to ZrQO; films, however, the BeO

films are nonadherent and readily dislodged by
flowing sodium. Thus, they are nonprotective,
Control of the oxidation rate has been realized -
through reductions of the oxygen level in
beryllium-~sodium systems by gettering with

either calcium or thorium, which are stronger
oxide formers cnan beryllium,

Another corrosion characteristic is the
migration of beryllium to other materials in a
composite system, While theve is no evidence
that this occurs to any significant degree at
temperatures of 1000 F or lower, it has been
noted repeatedly at 1200 F and higher,

2,5.2 Beryllium Exposed to 1000 F
Static Sodium{b¢)

No inte ranalar attack or stress corrosion
was obsery * the samples involved in the

S50ODIUM AMND NaK BERY LLIUM
— r T Y T T T 1
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]
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FIGURE 2.20. BERYLLIUM CORROSION RATE

VERSUS NaK VELQGCITY AND
TEMPERATURE(63)

F

8

flow rate is apparent; the latter points to in-
nreased spalling of nonadherent oxide with in-

2,5,3,2 Coxrosion in NaK With Calcium or

Calcium. Large quantities of added calcium
decreased the oxidation of the beryllium about
in proportion to the quantity of added calcium,
In fact, the following loop operations produced
beryllium samples exhibiting slight weight gains.

strer~-ru ists summariszed in Figure 2,19,
creased NaK flow velocity,
113 & =Y R ?{ A
- il T - Thorium Additions
] o I A e SR 1
Hot prassed end extruded ot BOO F
é w0 2\ r é 0
g - EL o J‘L T-w prewes T
i o B liamat -
. 7"'“‘1&3‘" grll}n and_extruded of E)OIOj \FL I V‘Lr-!,,,l Tt ot ||
s ” oy o o Procedure A

Time {o Rupturs, haury
FIGURE 2.19. RUPTURE STRENGTH OF
BERYLLIUM IN 1000 F SODIUM
ENVIRONMENT(62)

2.5.3 Beryllium Inserts Exposed to
Flowing NaK-78 or Sodjium(63}

2.5.3.1 Corrosion in NaK (Cold Trapped at 248 F')

Figure 2, 20 presenta values from 259-hour
experiments, A dependency on temperature and

¥ For example, at 1000 K {1338 F), the
‘ree ener gy of formation of BeO by means
of Reaction (1) is calculated to be AF =
-54,150 cal/mole,

(1) Batch cold trap at 212 F', followed
by standard cold trapping at 248 F',

{2) 1solate cold trap and introduce
calcium (2 kilograms),

{3) Maintain calcium at 980 F and
beryllium samples at 928 F'.

Procedure B

Same as above except 4 kilograms of
calcium, maintained at 1022 F, was
utilized to protect the beryllium at
968 F.
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S0DIUM AND Naik BERYLLIUM

Thorium, Additions of thoriumn were less
elfective in reducing uxidalive cucsusivu ihan
additions of calcium, and the gettering efficiency
of the thorium decreased at an impractical rate.
Some evidence was noted of hot-to-cold-zone
mass transf{er of the thousium.

In these exposures with added calcium and
thorium, there was no evidence of:

{1) Nitriding of the beryllium, although
nitrogen was utilized as a cover gas

(2) Reaction between beryllium and nickel
frcm the stainloss steel,

On the other hand, contrasting results were ob-
tained:

(1) In beryllium-sodium experiments where
nitriding wus observed as outlined
below

(2) In higher temperature dissimilar-metal
systems where nickel-beryllium iater-
actions were observed, as outlined in
the subsequent secticn,

2,5,3,3 Corrosion in Sodium With Calcium
Additions (b4}

Seven types of hot-pressed beryllium sam-
ples, from different sturting powders (virgin,
blend, recycling), were exposed to sodium under
the following conditions:

(1} 47 hours at 900 F, followed by 520
hours at 1000 F

(2) Flow velocity = 20 ips

(3) Low oxygen level maintained by cold
trapping and calcium gettering (1l per~
cent addition).

The specimen weight losses were less than
1 mg/(cm‘)(month), without evidence of erosion
or flaking, Black films, about 50 microns in
thickness, appeared on the sample. The identi-
fication made was Be3N,. The source of nitrogen
was presumed to be an irnpurity in the argon cove
gas or in the calcium,

2.5.4 Beryllium in Multi-metallic Loop
Systems'1V-1&,33)

2.5.4,1 General Corrosion

) Thermal-convection-loop exposures were
conducted with sodium for 1000 and 1500 hours
each with a beryllium insert positioned in the

32
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hot zone so that a few mils separated its surfaces
fivin ihe eustacc of a niclnl baze allzy, Solocted
corrosion results are listed below.
Loop Material Hastellay B Hawstelloy B
Temperature, ¥ 1200 1300
Caorvasion, mils
Loop matarial in hot lag i 1
Beryllium innert 3 3
Loop Maturial Inconel Inconel!®) ynconel
Temparature, F 1200 1300 1500
Corroslon, mils
Loop material tn hot lag 1 1 1
Beryllium inaert - 3 6 ¥

{a} ‘Thewe conditions reasulted in very low concentrations
af beryilinm on the incone) wallu; specifically about
6x 107} mnlcm‘ in the hot 7onew and aboat 1 x 10-3
mg/em? in the cold zonen,

Distance Betwean Scdium=Immursed Equivalent Conceatration of

Conditions Hastelloy B and Baryllium, mils

2.5,4,2 Intermetallic Compound Formation

Compounds, identified as BeNi or Be2]Nis,
were observed:

{1} At berylliam-nickel base alloy suriaces

in contact in the 1300 F range; a reaction

zone nearly 20 mils thick occurred

during a 1000-hour exposure. Chromium

plate was evaluated as a barrier,
but Be2Cr formation rendered it im-
practical.

(2) As a layer to about 3 mils thick on the
surface of the inserts in the loops
described above,

2.5.4,3 Effect.of Spacing

The distance between tlie beryllium and tho
third material wae found to control the transter
of beryllium strongly. Relevant data from static
experiments are as follows:

Distanco Detween Sodium-
Immersed Hantelloy B

Eruivalent Cancontration of
Beryllium in Hautelloy B

Conditions and Beryllium, mils Surface, 10°3 mgfemé
1200 F, 0 8800
1000 5 6.3
hours 20 1.06
50 0.63
100 0.74
Distance Between NaK-44 Equlvalent Concentration of
Immerued Type 304 Stain- Baryllium in Type 304
less Steel and Beryilium, Stainless Steel Surface
Conditions milw 10°3 nig/emé
1470 F, 2 4950
500 5 4100
hours 10 809
15 1o
25 170
50 140

DT
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SODNUM AND Nak COLUMBIUM AND SODIUM AND NaK COLUMBIUM AND l, :
COLUMBIUM-BASE COLUMBIUM-BASE i !
ALLOYS ALLQYS :
: ! 1
2,6 COLUMEIUM AND COLUMBIUM-BASE 2,6.2 Static Exposures of Columbium at 1¢00 . ’ 'i
AL).OYS and 1800 F(47) . i
2, 0.1 Compatibility - General Static experiments involving columbium ‘
inserts in Type 316 stainless steel containers are
The behavior of sodium-exposed columbium- discussed under "Nitrogen Migration Via Dis- g
and columbium-base alloys has been found to be similar Metal Mass Transfer'. Briefly, the i
sensitive to varirstions in oxygen level in the range principal finding was the transfer of carbon and 3
that would ordinarily be considered as very low, and nitrogen from the steel to the refractory metal é
i.e., frcm nominally zero to as high as perhaps in sufficient quantity to alter the mechanical v
30 ppm. Both dissolution and chemical reactions properties of the latter. Pertinent information is 5
involving impurities inust enter into columbium- presented in Table 2. 14, The carbon was confiued :
sodiem compatibility,’ According to free~-energy to the surface, but the nitrogen penetrated the .
data, columbium formas a more stable oxide than entire distance across the 40-mil-thick inserts. i
sodium, For example, at 1000 K (1340 IF), the Surface layers were identified by X-ray analysis %}l
following reactions favor the reduction of NayO as CbC and CbhN, ]
by columbium; b
Transfer of columbium to the stainless steel §
2Ch + 4Nay0O ~* Ch 04 + 8Na; also occurred. At 1700 F, 40-mil-thick stainless
AF = -32,800 cal/mole (m steel ingerts picked up about 0, 5 percent columbium
as a CbC surface layer. I
AF = ~22,100 cal/mole 2,6, 3 Exposutes of Columbiura and Cb-1Zr in
Sodium and NaK Loops Fabricated of Ancther
Solubility data for colurabium in sodium over tha Material(4,37,55-68]
temperature range 1846 to 2518 F are given on
page Pertinent data are listed in Tables 2, 18,
2,19, and 2.20, Note that the first four listings in
Columbium~ and columhium~alloy inserts Table 2. 18 refer to experiments where the cor~
have been exposed to sodium and NaK contuined rosion findings are reported mostly in terms of
in third-material (usually an austenitic stainless specimen weight losses, and that these weight
gteel) systems at temperatures up tv 1800 F. losHes are related directly to the oxygen level in
Both static and loop exposures have been involved. tha liquid metal, Perhaps the most surprising
Some of the results clearly indicate high corrosion eviden¢e from this group is the extensive cor~
rates, appearing as specimen weight losses, and rosion attack of both columbium and columbium |
a sensitivity of these rates to the oxygen content alloys observed, even though the oxygen level in
of the liquid metal, However, others obtaincd the sodium was maintained at approximately 15
under seerningly similar conditions indicate that ppm by zirconium gettering.
the principal corrosion effect is one involving the
migration of interstitials {rom the containment to This latter result is in some contrast to
the uxposed refractory metal. Specimen weight those obtained from the experimenta referred to b
loss i» not an identified problem. There is no in the final three listings of Table 2. 18, These ,-‘f
apparsnt explanation for this divergent pattern experiments appear to have been conducted with an W
of behavior. oxygen level possibly slightly higher than 15 ppm. 4
Weight losses are not reported, Rather, the i
In another type of experiment, selected findings emphasgize interstitial migration and indi- i
columbium-base materials have been exposed cate that corrosion, per se, was not especially f
to boiling sodium at temperatures a